in the olfactory system of the rabbit that chaos becomes more prevalent when there is competition among parts of assemblies, or among several assemblies. Why shouldn't similar mechanisms hold for the human neocortex?
Abstract:
The theory of local/global neocortical EEG dynamics responds to newly emerging conceptualizations in neuroscience. An extended application of the model to event-related EEG activity composed of distinctive global and local functional epochs with presumably different timing is proposed.
As discussed recently in BBS (Gold & Stoljar 1999) , current trends in neuroscience philosophy are reflected primarily by the neuron doctrine according to which "emergent properties are high-level effects that depend on lower-level phenomena" (Churchland & Sejnowski 1992) . Accordingly, whether and how neurophysiological processes underlie conscious behaviour and mental functions is at present a target field of research. To bridge psychology and neurophysiology, concepts that are integrative and mathematically supported become increasingly important. Theories of brain dynamics based on electroencephalographic (EEG) activity merit special attention because EEG is an integrative bioelectrical signal resulting from the summated coactivation of the neurophysiological substrate (cells and cell assemblies) (e.g., Birbaumer et al. 1990; Steriade et al. 1990; Wright 1997) , and it also correlates with cognitive states and functions as assessed at the behavioural level (Berger 1929; Regan 1989; Rugg & Coles 1997) . Thus, the EEG appears as a relevant brain signal or code (Basar 1998; Gevins 1998) capable of integrating the now distinct levels of observation of brain functioning: the physiological and the psychological. The model of local/global neocortical EEG dynamics described in the target article hence has a major advantage in responding to newly emerging conceptualizations in neuroscience.
More specifically, a coexistence of local and global processes is proposed. Local (cellular and neural network) processes are assumed to underlie functional segregation based on specific information processing and storage. Global processes support functional integration by sustaining a background environment of standing waves of "synaptic action." EEG dynamic behaviour results from the close interdependence between local and global components. Nunez's conceptual framework can be extended to the following issues:
1. Event-related EEG activity. The local/global model is especially relevant to event-related EEG activity, that is, to bioelectric signals generated during external or internal event processing by the brain. The reasons are the following: (1) Perception and evaluation of each particular sensory-cognitive event is subserved by highly specific functional activation in the sense of both segregation and integration (e.g., Fuster 1999; Gazzaniga 1995; Polich & Kok 1995) . Hence, external or internal event processing involves a distinction not only between local and global processes but also between different aspects of the local and global components. (2) Previous studies of event-related potentials (ERPs) and eventrelated oscillations have consistently demonstrated the functional involvement of EEG responses from various frequency ranges (delta, theta, alpha, beta, gamma) in both sensory and cognitive information processing (e.g., Basar et al. 1997; Bressler 1995; Freeman 1979; Klimesch 1999; Pantev et al. 1994; Pulvermüller et al. 1997; Yordanova & Kolev 1998a; 1998b) . Given the association of EEG responses with transient or self-paced rather than steady-state events involving both specific and basic functional mechanisms, applying the local/global model to event-related EEG activity may be most reliable for testing the model strength and may contribute to further the understanding of neocortical dynamics in relation to brain function.
2. Timing of functional epochs. The time dimension is crucial in evaluating local and global neocortical processes as well as their interaction. Local processes emerging from neuronal substrates of microspatial scale are expected to occupy time periods that are considerably shorter than those of global processes (Nunez target article, sect. 5). In addition, the timing of functional epochs with different lengths may partly or fully overlap. The efficiency of appropriate time scaling for distinguishing between different mental states or operations has been validated by time-frequency analyses of ERPs (Demiralp et al. 1999; Kolev et al. 1997; Samar et al. 1995; Tallon-Boudry et al. 1998) . The duration and time localization of coherence-producing epochs should vary correspondingly as a function of specific state or processing conditions. Thus, along with the spatial dimension, the temporal dimension might be an influential factor in the application of the local/global model.
3. "Connectivity" in neuroscience. Neocortical dynamics are a target of various approaches. As a consequence, different concepts (local, global, or integrative) are emerging. These start from more or less specific theoretical, methodological, and spatial-scale backgrounds, but converge on a common problem of brain dynamics (e.g., Lopes da Silva et al. 1976; Wright & Liley 1996) . For example, the origin of the widely distributed EEG activity induced by (but non-phase-locked to) event delivery is thought to differ from that of the phase-locked EEG arising from localized specific processes (Pfurtscheller et al. 1996; Tallon-Boudry et al. 1998) . In contrast, a common origin of the spontaneous and eventrelated EEG activity has also been suggested, with event-related oscillations resulting from the reorganization (phase-reordering, frequency stabilization, and amplitude enhancement or damping) of the ongoing rhythmic EEG activity (e.g., Basar 1980; 1998; Sayers et al. 1974) . Common neural generators represented by small-and large-scale neural assemblies or distributed frequencyspecific networks are supposed to give rise to both the spontaneous and evoked oscillations (Basar 1998). Furthermore, to study transfer functions of the brain as a system, resonant frequencies have been evaluated by calculating amplitude-frequency characteristics from event-related EEG signals as a first approximation (Basar 1980; Röschke et al. 1995) . These examples illustrate that identical or similar notions and methodologies can be used in specific contexts.
Although the use of multiscale coherence as an indicator of neocortical dynamics in relation to mental functioning is advocated Nunez's local/global model, it is important to recognize how this apparently broad model applies to at least part of the enormous EEG data accumulated to date. The contribution of each integrative theory is based on its specific innovations, but it would be most useful to map existing theoretical and experimental knowledge onto new conceptual frameworks, to establish a common ground for linking models and theories.
In a comprehensive target article, Nunez argues convincingly that multiple scales are needed to describe the dynamical genesis of brain electrical activity and thus, by inference, brain dynamics and behaviour. Nunez then broadly identifies, on the basis of the characteristic scales of axonal connectivity within cortex, local and global levels, which will in turn distinguish the scale of the respective dynamical processes. This may seem reasonable as a first approximation, but it ignores the intermediate mesoscopic scale contributed by the surface parallel conduction fiber system in the agranular layer (layer I) and obscures the fact that ongoing neural activity, through learning, will modify the functional architecture of cortex such that there may coexist many more than just two interacting, and thus interdependent, scales of activity. Thus, while existing descriptions of cortical architectonics may suggest a relatively discrete collection of spatial scales, there is no necessity that this be functionally respected with ongoing network activity and synaptic modification.
This notion has been elegantly articulated by Freeman (1975) using the notion of hierarchically organised interactive neural sets (K-sets). [See also Skarda & Freeman: "How Brains Make Chaos in Order to Make Sense of the World" BBS 10(2) 1987.] Neurons that are members of different KI sets (interactive populations of functionally equivalent neurons sharing a common mode of input) may be members of a single KII set (two interactive KI sets). Thus, two locally defined KI sets may be members of a single globally defined KII set, and hence the properties of these two local sets will help to co-define any emergent global properties. Although Nunez is aware of the oversimplification of positing a distinction between local and global processes, the "meta" formulation (see, for example, the caption of Fig. 4) , as specified in Equation (5) and Figure ( 4), implies that local and global processes can be formulated independently of each other, despite the obvious objection that the constitutive parts of the global whole are predominantly local in character.
Ultimately all neurons in the cortex will be involved in processes of local and global character. This is particularly clear when one notes some important features of the dominant cortical neuronal population -the excitatory pyramidal cells. A single pyramidal cell can form synapses locally via the lateral spread and arborisation of recurrent axonal collaterals as well as by establishing synapses with more distant excitatory and inhibitory cells via the longer range corticocortical fibers. As clearly demonstrated by David Sholl (Sholl 1956) , the majority of pyramidal cells in neocortex are of this type. Thus changes in local pyramidal population sensitivity (by whatever mechanism) will give rise to concomitant changes in both the local feedback gain Q and the global "positive" feedback gain B (sect. 5.2, para. 2). Hence it is unclear on what basis Nunez makes the claim that the "control parameters" Q and B can be considered distinct.
Physiological evidence is equivocal on whether long-and shortrange excitatory connection strengths can be independently modulated. One possible mechanism is that shunting inhibition, provided by a local interneuron population (e.g., the Martinotti neurons -see Braitenberg & Schuz 1998), applied at some point on the apical trunk of the pyramidal cell, could differentially modulate the relative efficacy of excitatory input from long-or shortrange fibre systems, given that long-range connections form predominantly on the apical dendritic tree whereas short-range connections form predominantly on the basal dendritic tree (Braitenberg and Schuz 1998) . [See also Braitenberg, Heck & Sultan: "The Detection and Generation of Sequences as a Key to Cerebellar Function, Experiments and Theory" BBS 20(2) 1997.] As local interneuron input will probably depend on local circuit activity, however, such a mechanism will only serve to emphasise the problematic nature of attempting to delineate global and local control parameters. Nunez's claim that "the theory contains no 'free' parameters" (sect. 5.3.6, para. 1) and "we appear to know much more about the physiological parameters of the purely global theory" (sect. 6, para. 2) accordingly seems erroneous, given the considerable ambiguity in defining what might be local and global control parameters and also whether it is meaningful to do so.
In a linearized model of electrocortical activity (Liley 1997; Liley et al. 1999) , in which both corticocortical and intracortical connectivity between homogeneous populations of inhibitory and excitatory neurons were modeled, two independent "control" parameters were defined, Q e and Q i . These correspond to the respective sensitivities of excitatory and inhibitory neural populations to synaptic input and are equivalent to the slopes, at the point of linearization, of the nonlinear functions relating the number of action potential firings per unit time (i.e., firing rate) to the mean soma membrane potential in a locally homogeneous neural population. When modulated independently of each other these control parameters have effects in the linear model that are roughly orthogonal. In this model, increases in Q e result in reductions in temporal and spatial frequency and damping, whereas augmenting Q i results in increases in spatial and temporal frequency and reductions in the associated spatial and temporal damping. With auxiliary functions that are linear combinations of Q e and Q i , new parameters can be defined that are able to effect approximately orthogonal changes in spatial and temporal damping (Q d ) and spatial and temporal frequency (Q f ). Thus, changes in the physical scale of the dynamics can be effected by changes in the derivative parameter Q d , which will necessarily be of global extent because of assumptions about the spatial homogeneity of the linearization (assumed also by Nunez). It is interesting to note that increases in Q e will correspond approximately to Nunez's "hypercoupled" state whereas increases in Q i will correspond approximately to Nunez's "hypocoupled" state (sect. 6.3, para. 1). Because changes in Q e and Q i are equivalent to changes in excitatory and inhibitory coupling strengths in this model, these predictions admit relatively easy verification using glutamate and GABA agonists and antagonists.
Nunez correctly advises caution applying the preliminary modeling attempts to the interpretation of macroscopic electrocortical activity (sects. 2.1, 2.2; sect. 2.7, para. 2), but more might be gained empirically if one realises that a conceptual delineation between local and global control parameters is problematic and needs to be abandoned in favour of a more synthetic approach. Abstract: This commentary focuses on how the large-scale cortical dynamics described in Nunez's target article are related to various phenomena at different scales, both spatial and temporal, in particular, how the brain dynamics measured with EEG could relate to (i) experience and mental state, (ii) neuromodulatory effects, and (iii) spontaneous firing and autogenerated electromagnetic effects.
Interscale interactions in cortical neural networks
Paul Nunez brings up the important issue of scale and interscale relations in brain dynamics. In so doing, he links closely to a previous BBS target article by Wright and Liley (1996) , although the problems of local-global relations, which are stressed by him, are not necessarily the same as those of the micro-macroscopic relations stressed by Wright and Liley. Another work that connects to these issues is the excellent book, Neural Organization -Structure, Function and Dynamics, by Arbib, Erdi, and Szentagothai (1997; see BBS multiple book review of Arbib & Erdi's Structure, Function, and Dynamics BBS 23(4) 2000) , where several theories and experimental results related to EEG are discussed. Overall, there is an increasing aspiration to link theory and experiment in neuroscience and also to make neural network models that would be hard to distinguish from what Nunez refers to as
